Three-dimensional (3D) printing (3DP) is a rapid prototyping technology that has gained increasing recognition in many different fields. Inherent accuracy and low-cost property enable applicability of 3DP in many areas, such as manufacturing, aerospace, medical, and industrial design. Recently, 3DP has gained considerable attention in the medical field. The image data can be quickly turned into physical objects by using 3DP technology. These objects are being used across a variety of surgical specialties. The shortage of cadaver specimens is a major problem in medical education. However, this concern has been solved with the emergence of 3DP model. Custom-made items can be produced by using 3DP technology. This innovation allows 3DP use in preoperative planning and surgical training. Learning is difficult among medical students because of the complex anatomical structures of the liver. Thus, 3D visualization is a useful tool in anatomy teaching and hepatic surgical training. However, conventional models do not capture haptic qualities. 3DP can produce highly accurate and complex physical models. Many types of human or animal differentiated cells can be printed successfully with the development of 3D bio-printing technology. This progress represents a valuable breakthrough that exhibits many potential uses, such as research on drug metabolism or liver disease mechanism. This technology can also be used to solve shortage of organs for transplant in the future.
Introduction
Three-dimensional (3D) printing (3DP) is an emerging rapid prototyping method. Also known as additive manufacturing, 3DP is a representative technology of the "third industrial revolution". Unlike conventional machining that removes material in a subtractive manner, 3DP is a method whereby an actual structure is created by a layering technique using computer-aided design software, which relays the signals to the 3D printer 1 . 3DP involves the conversion of a computerized 3D model into two-dimensional (2D) slices. These slice design files are used to generate solid layers using a range of manufacturing techniques and additive fabrication tools. Finally, the work material is laid down layer by layer, eventually building up a solid model 2 . 3DP allows anyone to rapidly convert digital 3D models into physical components.
3DP has been used in many applications and industries that benefit from the creation of bespoke physical objects, as well as product design and engineering 3 .
Of the established rapid prototyping techniques used in the medical arena, five commonly used methods of additive manufacturing are available as follows 4 : stereo lithography, selective laser sintering, fused deposition modeling, laminated object manufacturing, and inkjet printing.
Stereo lithography uses photopolymers that are cured by ultraviolet light. An ultraviolet laser scans a vat of lightcurable resin solidifying target areas on the surface of the liquid. The floor of the fluid container gradually descends, thereby increasing the depth of the material as the model grows. Then, successive layers of resin are cured on top of each other.
Selective laser sintering is based on small particles of thermoplastic, metal, ceramic or glass powders that are fused by a high-powered laser. The materials used include nylon or metals, such as titanium or stainless steel. The high-powered laser is used to sweep the powder, tracing out the shape of a 2D slice, and melting and fusing areas of the powder to form the geometry of each layer. A new layer of fresh powder is then added and the process is repeated.
In fused-deposition modeling, layers are created by the deposition of a heat-softened polymer with the use of a computer-controlled extrusion nozzle. This technique is most commonly used in most economical consumer printers, but rarely in medical applications.
Laminated object manufacturing uses thin layers of paper or plastic film that are shaped by a laser cutter and glued together.
Inkjet printing is based on different kinds of fine powders, such as plaster or starch. The parts of this layer belonging to the 3D object are bonded by an adhesive liquid deposited by another piston after a layer of the powder has been dispended by a piston. Inkjet printing can also be used to generate a 3D scaffold with different types of tissue by printing living cells and biomaterials simultaneously 5, 6 .
3D bio-printing technology is a new medical engineering technology. This technology can be defined as a special biological printer as the main means, processing active materials including cells, growth factors, and biological material as the main content, and restoring the body's tissues and organs as the primary goal. 3DP compared with other tissue engineering scaffolds and rapid prototyping technologies exhibits the following advantages: 1) high accuracy: 3D printers can build complex tissues or organs with high accuracy. 3D printers can also assemble and build structures at a cellular level. As a basic unit of the human body, cells range in size from several to tens of micrometers; the resolution of the regulation of the cell distribution should be under 10 μm; however, using traditional tissue engineering technology to achieve such a fine resolution is difficult 7 . 2) good integration: 3DP can integrate the different cells and components of tissues and organs. 3) fast reconstruction: 3D scanners can quickly and controllably reproduce computerized 3D models that include a tissue or organ defect. Then, we can use the acquired clinical imaging data for 3D reconstruction. 4) low cost: The manufacturing process of complex tissues and organs can be personalized. The cost can also be controlled. Multiple patient-specific preoperative physical models have been created using both portal and hepatic venous anatomies from patient data at a cost of less than $100 per model 8 . In traditional manufacturing, the more complex the product structure, the higher the cost. However, no such problem exists with 3DP. Fully customized manufacturing can be produced on demand. In addition, printing a complex structure does not increase additional costs.
Applications of 3DP in medicine
Recently, 3DP has been introduced in the medical domain, following long-standing use in the manufacturing industry. In the last decade, 3DP has been used in a variety of medical applications (e.g., as an educational and training tool and for preoperative planning).
Anatomical models Educational and training tool
Medical models exhibit a crucial role in teaching basic and clinical medicine. Manufacturing medical models in conventional ways is time consuming, and the process is complex. The costs are also high. With the invention of 3DP by Charles W. Hull in the early 1980s, producing physical objects from digital files became possible 9 . 3DP can produce accurate reproductions of anatomical structures at a relatively low cost that can reveal normal or pathological variations 7, 10 . 3D prints of anatomical structures can be produced with high accuracy compared with the original specimens 7, 11 . 3DP has facilitated the quick fabrication of accurate physical models. The internal organ or tissue structure details can be displayed realistically using these models. Thus, students' medical knowledge is quickly improved. Preece et al. 12 showed improvements in student scores on anatomical tests by using 3D-printed models to teach equine limb anatomy. Additionally, 3DP in the field of surgery can be used in both surgical training and practice to improve the experience of surgeons. Surgical training is very 13 . However, the efficiency of this model is greatly reduced because using cadavers is limited by issues related to cost, reproducibility, and procurement 14 . Furthermore, repeated use of a cadaver can also destroy the normal anatomy 13 .
A 3D-printed model can allow a young doctor to bypass the limitations of the cadaver model. This model can also help them to fully understand the anatomical structures of tissues and the procedures of surgical operations. In a study on a randomized controlled trial comparing 3D prints versus cadaveric materials for learning external cardiac anatomy, Lim et al 15 . divided students into three groups as follows: one learned 3D-printed materials, one learned from cadavers, and the final one learned from the combination of the two. The study suggested that reliance on 3D prints showed no disadvantages among students in learning anatomy. 3D-printed models can provide solutions to the difficulties that educators encounter when they use traditional methods. Costello et al. 16 obtained five common ventricular septal defect (VSD) subtypes via magnetic resonance imaging (MRI). The images were segmented and built into 3D computer-aided design models using software. Then, they used a 3D printer to print a high-fidelity heart model for each VSD subtype. Thereafter, a medical course using these heart models was developed and implemented in the instruction of 29 medical students. Following instruction with these highfidelity models, Costello et al. 16 found that all students achieved significant improvement in knowledge acquisition (P < 0.0001), knowledge reporting (P < 0.0001), and structural conceptualization (P < 0.0001) of VSDs. This kind of innovative, simulation-based educational approach can create a novel opportunity to stimulate students' interests in different fields. The cost of 3D printers continues to decrease because of increasing competition and market pressures. In addition, the day is approaching when 3D printers will become widely available in medical schools. Thus, anatomical models will be produced at a significantly low cost using low resolutions and cheap materials coupled with minimal postprinting processing, but still providing the necessary information for surgical education and patient communication 17 .
Preoperative planning
Complex surgery always needs preoperative evaluation and practice to ensure success. Doctors can reconstruct computed tomography (CT) or MRI medical image data using computer software. Doctors can also print out a 3D model of the part of the patient's body that needs surgery using a 3D printer. Then, doctors can design the patient's preoperative surgery process and personalize their postoperative treatment based on these 3D-printed models. This technology has been used in various fields, including neurosurgery 18 , plastic surgery 19 , oral and maxillofacial surgery 20 , orthopedics 21 , and organ transplantation 22 . 3DP increases the accuracy of preoperative planning because it can reproduce the structures of normal tissues and pathological structures accurately.
Preoperative planning in neurosurgery is imperative as the operation requires high accuracy. 3D-printed models are effective tools in constructing a preoperative plan. For example, Spottiswoode et al. 18 printed a 3D model based on MRI data acquired before surgery to treat two patients with lesions in the proximity of the motor cortex. The 3D models provided the surgeons additional information on the entry point that helped them avoid damage to areas of eloquent cortex. Moreover, the model showed a clear view of both the depth and extent of the tumor. Condino et al. 23 printed an abdominal cavity that was similar to the patient's anatomy based on imaging. Markert 24 used 3DP to create an organ model to construct a surgical plan before the operation. Obtaining information on defects and anatomical relationships before plastic surgery operations is important. An 82-year-old patient underwent ankle replacement surgery complicated by wound dehiscence, infection, and presentation of exposed prosthesis. After debridement failure, the doctors planned to use soft tissue to cover the dead space, filling and reconstructing it with the radial forearm free flap. The surgeons obtained imaging data via CT scan. Then, a 3D model was printed. The model enhanced the surgeons' understanding of the defect morphology. Daniel et al. 19 performed a study among 10 patients who planned to undergo osteoplastic flap surgery. They used a 3D-printed model to cover the frontal sinus. An adjacent area was then created using CT images with frontal sinus margins at an accuracy of up to 5 mm range maximum. This method was consistently accurate with an osteoplastic flap margin within 1 mm of the actual frontal sinus margin, although no data were available for comparison with current mapping modalities.
Using 3D-printed models is more precise than using 2D images 19 . Doctors can practice the steps of complex operations repeatedly by using 3D-printed models that can help surgeons foresee intraoperative complications 25 . At the same time, skilled operation during surgery can shorten the time of surgery and anesthesia. The rate and probability of complications are reduced as well. The use ratio of 3DP for surgical planning has not changed significantly because the standard methods of preoperative plans are sufficient. Short surgery time and high surgical success rate can be achieved although additional costs are associated with using 3DP to construct preoperative plans. However, the time taken to produce a 3D model also means that it cannot be used in every kind of surgery. Thus, this model is unsuitable particularly during emergency cases.
Surgical instruments
Prosthesis quality is a global problem because of the high manufacturing costs and complicated manufacturing process. 3DP is widely used in the prosthesis manufacturing field. Besides the use of cost-effective materials, 3DP allows rapid prototyping that can reduce the production time and cost significantly; as a result, 3DP provides an effective solution for prosthesis development 26 . 3D-printed medical implants can fit well the human body, thereby improving the treatment effect. Ciocca describes personalized bone plates with porous structures made by laser sintering of titanium powder. These plates were used in the transplantation of a fibula flap to a patient with a mandibular defect. The advantages of this method include avoiding repeated modification of the titanium plate during the operation. Thus, the chance of titanium plate looseness or breakage after the operation is reduced. This effect can also maximize the restoration of mandibular appearance; the duration of surgery and the chance of postoperative complications are also reduced 27 . Zopf et al. 28 implanted a customized, bioresorbable tracheal splint to an infant with tracheobronchomalacia. The implant was designed based on a CT image of the patient's airway. Then, the design was 3D printed. Bronchoscopy revealed normal patency of the bronchus without dynamic collapse after the operation; no complications were observed one year after stent implantation. A digital nose database was developed at the University Hospital Dresden and has proven to be a useful tool to provide patients with nasal prostheses based on 3DP technology 29 . This method is different from conventional processes because of the elimination of physical modeling. As a result, strain on the patient is reduced.
A high prosthesis acceptance rate can be achieved by early integration of the patient in the selection and decisionmaking processes. The time required for the fabrication process can also be reduced 29 . 3DP has also been used widely in plastic and reconstructive surgery. Human skin is composed of an integrated network of sensors that relay information on tactile and thermal stimuli to the brain. This condition allows us to maneuver within our environment safely and effectively. Electronic skins (e-skin) are already capable of providing augmented performance over their organic counterparts both in terms of superior spatial resolution and thermal sensitivity. Fully integrated e-skin is expected to be possible in the future 30 . The models can also improve communication with the patient. Several studies have been published on these topics, including using 3DP for foot and ankle surgery, congenital heart disease treatment, shoulder replacement, repair of jaw defects, total hip replacement, spinal implants, and skull reconstruction. The technology provides a powerful boost to human medical development.
Bio-printing
Since 2000, more than 30 different types of mature differentiated cells of human or animals have been printed successfully. The sources of these cells vary widely. These sources include the nerves, heart, liver, skin, muscles, bones, kidneys, pancreas, or retina. The major obstacles to bioprinting that need to be solved are the twin problems of cell migration and differentiation. In 2007, Wake Forest Regeneration Medical Center in the United States was the first to print stem cells. The institution used a 3D inkjet printer to print human amniotic fluid stem cells, and successfully differentiated functional bone tissue; the resulting bone tissue exhibited high density and strength 31 . The ultimate goal of bio-printing technology is to print organs and tissues that are patient specific and can be directly implanted into patients. Bio-printing is also used in cardiothoracic surgery. For example, Duan et al. 32, 33 used the technology to produce heart valves. They isolated valve interstitial cells and smooth muscle cells. These cells were separately mixed with hydrogel materials and directly printed into a heterogeneous 3D aortic valve construct. Fine-tuning materials for valves was necessary. The team looked further into manipulating the hydrogel materials using methacrylated hyaluronic acid and methacrylated gelatin. The materials showed good cell viability and tensile biomechanics during initial testing; however, long-term studies are needed to show that their properties are adequately maintained 32, 33 . In recent years, breakthroughs in bio-printing have been obtained in many fields, such as in blood vessels 34 , the skin 35 , spine cartilage 36 , and the liver 37 . This development has excited many researchers in the medical field. However, bio-printing as an evolving technology is still in its infancy 38 .
Applications of 3DP in hepatic surgery
Two main applications have been found in the field of hepatic surgery with the advancement of 3DP, according to previously published research. One involves teaching or surgical plan formulation using resin material to manufacture a liver structure model. The other involves printing functional liver cells via bio-printing technology that can be used in the study of liver disease and drug research.
3D-printed liver model
Liver resection is the only successful treatment available for liver cancer. In liver resection, precisely locating the blood vessels in the liver, bile duct, and tumor is imperative. The conventional method uses a preoperative CT or MRI to estimate the location of the lesion and the positional relationship between the tumor and important blood vessels. Doctors can then decide the best operative approach and specific solutions. However, 2D images in some complicated cases cannot offer an accurate preoperative view. As a result, the position of some important vascular structures is unclear. This condition can also increase the risk associated with the operation. 3DP plays an important role in positioning the relationship between the important vasculature and the lesions. 3DP can create a transparent 3D model allowing the surgeon to be released from an "imagined" dilemma. Doctors can foresee the intraoperative situation clearly, determine the paths of important pipes, and even practice the operation. 3DP can improve the success rate of operations and decrease the rate of surgical risks.
For example, Igami et al. 39 used a 3D-printed liver model for hepatectomy in two patients diagnosed with synchronous multiple liver metastases from colorectal cancer. One of the tumors shrank and was not visible by ultrasonography as they underwent chemotherapy before surgery. Following 3D fusion images, the resection line was found easily and clearly. Then, the team converted image information into a 3D-printed liver model. The team also planned the appropriate hepatectomy for each patient. Finally, the team completed the operation precisely with negative cut edges. The authors pointed out that different doctors have different 2D display understandings of the spatial relationship between blood vessels and tumors. However, the understanding of the spatial relationship is completely consistent when the 3D-printed liver model is used. Similarly, Souzaki et al. 40 reported the case of a three-year-old girl with a PRETEXT IV liver tumor. Tumor size was reduced after neoadjuvant chemotherapy. However, the tumor was still difficult to remove because it was in the portal site. Although chemotherapy is usually effective for hepatoblastoma (HB), complete resection is the most important prognostic factor in achieving a cure for HB 41 . Thus, preoperative planning was important for this patient. The team produced a 3D-printed liver model to understand clearly the patient's anatomy. This model was used to visualize complex structures, such as the portal vein, hepatic vein, and tumor, based on preoperative CT images. Eventually, the patient accepted a successful left hepatic lobe resection 40 .
Xiang et al. 42 used 3DP to successfully diagnose and operate a complex massive hepatocellular carcinoma. The tumor with rare variations of hepatic artery and portal vein was previously misdiagnosed and even mistreated because of inaccessibility to advanced technology. Enhanced CT data were collected. Then, the team imported the CT image data to the Medical Imaging Three Divisional Visualization System to obtain 3D visualization models of the liver, lesion, arterial system in the abdomen, and portal and hepatic veins. Eventually, the data were transformed into a 3D-printed model. Using 3D visualization analysis, the clinicians found rare variations in the abdominal blood vessels as follows: the segment 4 portal vein was absent, and variant segment 4 portal vein originated from the right anterior portal vein. The team designed a preoperative surgical plan following the relationship between the tumor and the portal vein variation in the 3D-printed model. Finally, the actual surgical procedure was consistent with the preoperative surgical plan. The operation was also successful. Several articles on liver resection surgery using 3DP have been reported. In addition, the authors agree that doctors can communicate with patients to help them understand their liver tumor diseases using a preoperative 3D-printed model. This method also helps young doctors to study liver tumor diseases, thereby shortening their learning curve. This method also enables precise liver tumor resection to improve patient prognosis.
3D-printed models also play an important role in liver transplantation. As the demand for liver transplants has increased, supply of cadaveric livers becomes short, leading to increased demand for living donor liver transplantation 43 . Living donors are healthy individuals. Thus, ensuring their safety is important. Zein et al. 22 printed translucent 3D models of the livers of three donors and three receptors. They used these models for preoperative planning and intraoperative guidance. They believed that 3D organ printing is an important tool that enables surgeons to clearly see the spatial relationships between the vascular and biliary anatomical structures. Then, surgery is ultimately facilitated, potentially decreasing the rate of complications. Zein et al. 22 found that these models exhibit high accuracy with average dimensional errors of less than 4 mm for the entire model and less than 1.3 mm for vascular diameters (the portal vein and its main branches, the hepatic veins, and the hepatic artery). A physical 3D-printed model can improve the perceived tactile and spatial relationship of the liver vasculature precisely compared with a 3D computerized graphics model. This method can reduce the potential complications of surgery. Thus, patient prognosis is improved. In addition, synchronous adjustment of the 3D-printed liver model during dissection of the hepatic portal can help the surgeon to quickly identify and locate the key anatomical site. 3D-printed models can shorten operation time and cold ischemia time in liver transplantation surgery by providing information on the liver space configuration. The accuracy of 3DP as a tool for constructing a preoperative plan is higher than that of conventional and 3D imaging.
3D bio-printed livers
The shortage of organs has become a global problem. For a long time, the medical industry has invested substantial resources into research to solve inadequacy of organs for transplant. 3D bio-printing is a promising development.
Ott et al. 44 found that organs with cell-free processing can be used as a scaffold. Ott implanted new myocardial cells and rat arterial endothelial cells in a treated heart following the premise of preserving the original native vascular network of the rat, as well as cell-free processing. The new myocardial cells produced contractions after cultivation. The heart started beating as well. Liver transplantation is the only available treatment for severe liver failure. However, it is limited by organ shortages. The liver possesses a complex microarchitecture consisting of hepatocytes and supporting cells organized into 3D hexagonal lobules. Hepatocytes lose some functions in 2D cell cultures because of the conditions of this special structure. Therefore, the emergence of 3DP enables the possibility to produce an optimal survival environment for hepatocytes. In recent years, the concept of a liver-on-a-chip has received significant attention 45 . New drugs sometimes fail in clinical trials because of hepatotoxicity, which is not predicted by animal models. With the help of a mini-liver, we can directly obtain data concerning these drugs to avoid failure in clinical trials 46 . Uygun et al. 47 demonstrated a novel approach to generate transplantable liver grafts using a decellularized liver matrix. The recellularized graft supports liver-specific functions, such as albumin secretion, urea synthesis, and cytochrome P450 (CYP) expression at comparable levels to a normal liver in vitro. In addition, the researchers transplanted recellularized liver grafts into rats. They found that these grafts can support hepatocyte survival and function with minimal ischemic damage. The results provided a proof of principle for the generation of a transplantable liver graft as a potential treatment for liver disease. The cell-free scaffold is also used in lung research 47 . The possibility of an organ being cultivated in vitro may bear fruit through 3D printing of a biological scaffold and cell cultivation on the scaffolds. Researchers have planted immature liver cells and alveolar epithelial cells on such scaffolds, and obtained the corresponding organs 47, 48 .
According to media reports, a company in the United States used a 3D printer to print out mini-liver cells (depth: 0.5 mm, width: 4 mm). These cells were capable of some real liver functions, including producing albumin and CYP. However, peer-reviewed publication is yet to be reported on these data. Thus, the results remain to be clarified.
The Mechanics Department of Tsinghua University currently works with the Hepatic Surgery Department of Peking Union Medical College Hospital. The department prints human liver tissue of up to 1 cm wide and 0.5 cm thick using technology based on that used to print liver tissue in mice (Figure 1) . The structure exhibits a long-term survival rate of more than 28 days. The structure maintains a specified albumin secretion rate and CYP enzyme activity. An obvious biliary tree structure has also been set up by this structure. These cells exhibit more advantages in terms of liver function than existing liver cells that are cultivated in 2D style in vitro that last only for two to three days. Under the stimulus of drugs, CYP enzyme activity, the expression quantity of protein, and the amount of mRNA expression of structure are significantly increased. Glutathione S- transferase and the expression of aromatic hydrocarbon receptor also increased accordingly. These data show that the model simulates the human liver detoxification function in the body that can be used for research on drug metabolism and liver disease mechanisms. The study results have been published and the findings represent a first step in 3D printing of living liver organs.
3DP technology is developing rapidly in liver surgery with a considerable prospect. However, this technology exhibits disadvantages and limitations. 3D-printed models are reliant on imaging. Accordingly, these models will be prone to imaging errors. Imaging accuracy thus needs to be improved to ensure the high accuracy of 3D-printed models. 3D model cannot be used in emergency cases, such as hepatic rupture, because of the time needed to produce this model. Although researchers have printed functional liver tissue, 3D-printed models cannot replace normal liver in the organism. With the development of 3DP, 3DP can be used in hepatic surgery widely. Shortage of inadequate organs for transplant can be solved as well.
Conclusions
3DP has brought a new era of medical research and applications. 3DP has also created many exciting results in many fields. 3DP is a tool that can aid in many different ways and add value in the field of surgery. 3DP benefits include surgical planning, medical education, patient education, implants, prosthetics, and other applications. The application of 3DP exhibits broad appeal and potential applications in hepatic surgery. However, 3DP has still some limitations, such as cost, accuracy, and the size of models. The main costs involve hardware, software, and printing materials. The largest part of investment is software and hardware. Clinicians in some developing countries cannot afford 3DP cost. The accuracy of 3DP as a tool to construct a preoperative plan is higher than that of conventional 3D imaging. However, 3DP accuracy is reliant on the underlying 2D imaging data. Therefore, the accuracy and processing technology of 2D images still need to be improved. Currently, 3DP can only be applied to structures that do not exceed certain dimensions because 3D printers are unable to produce extremely large parts, e.g., an entire human body. Printing time depends on the size and complexity of the models 49 . The time to produce objects involved should also be considered. The time of imaging and data processing decreased to minutes with the development of imaging software. In addition, for the actual printing of the object, many teams are able to perform this process within 24 h 50-52 .
However, time needed to produce a 3D model also means that it can only be used in surgery in elective cases. Thus, 3DP is unsuitable for some emergency cases.
However, some of these limitations can be overcomed by future technological developments. The limitation of model size can be overcomed by dividing the models into small parts, then combining them after printing or by producing a miniature version of large structures via post-processing. Moreover, the cost of time and money may also decrease with the development of software and hardware of 3DP technology. 3DP is likely to change the healthcare industry greatly in the future. CT, MRI, and some conventional techniques cannot be entirely replaced. However, 3D models enable surgeons to perform a hands-on simulation before the operation and construct a comprehensive operative plan in the absence of a time-pressured surgical environment. We believe that 3DP will be widely applied in clinical settings. 3DP may one day achieve the goal of whole organs being printed for use in transplants. 3D-printed living liver tissue will gradually play an important role in the study of the liver. 3DP can also provide a powerful boost to the development of medicine. The current surgical uses of 3DP are in their infancy with varying levels of uptake across different specialties. However, we believe that 3DP possesses the potential to revolutionize human life in the future. 3DP is significantly effective in the medicine field.
